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Purpose: The purpose of this study was to develop a reliable in vivo porcine model of type II endoleak resulting from
endovascular aortic aneurysm repair (EVAR), for the study and treatment of type II endoleak.
Methods: Eight pigs underwent creation of an infrarenal aortic aneurysm, with a Dacron patch with preservation of lumbar
branches. An indwelling pressure transducer was placed in the aneurysm sac. After 1 week the animals underwent EVAR
with a custom-made Talent endograft. After another week the animals underwent laparoscopic lumbar artery ligation.
Abdominal and pelvic computed tomography was performed after each procedure. Aneurysm sac pressure was measured
in sedated and awake animals.
Results: All eight animals underwent successful creation of an aortic aneurysm and EVAR resulting in exclusion of the
aneurysm sac. After creation of the aneurysm the sac mean arterial pressure (MAP) was 72.5  6.1 mm Hg and the sac
pulse pressure was 44.8 8.7 mm Hg. Postoperative computed tomography scans demonstrated a type II endoleak from
the lumbar branches in all animals. While aneurysm sac MAP (56.5  7.9 mm Hg; P < .01) and pulse pressure (13.6 
4.1 mm Hg; P < .01) decreased after EVAR, sac pulse pressure remained, with type II endoleak. All animals underwent
laparoscopic lumbar artery ligation, which resulted in further reduction in the sac MAP (38.3 4.6 mm Hg; P < .02) and
immediate absence of sac pulse pressure (0 mm Hg; P < .01). Necropsy confirmed the absence of collateral flow in the
aneurysm sac, with fresh thrombus formation in all animals.
Conclusion: We present a reliable and clinically relevant in vivo large animal model of type II endoleak. (J Vasc Surg 2004;
40:339-44.)
Clinical Relevance: We set out to show that aortic aneurysm sac pressurization caused by lumbar arterial flow in the
setting of type II endoleak can be reproduced in an in vivo porcine model of endovascular aortic aneurysm repair. Indeed,
in this model the aneurysm sac pulse pressure was a sensitive indicator of type II endoleak, correlating well with findings
at computed tomography, and lumbar artery ligation eliminated the endoleak, as demonstrated on computed tomogra-
phy scans and sac pressure measurement. Therefore we believe this in vivo large animal model can be instrumental in the
study of many aspects of the physiologic features of type II endoleak.Since 1991 open abdominal aortic aneurysm (AAA)
repair has been gradually replaced by the less invasive
endovascular method of aortic aneurysm repair (EVAR).1
EVAR minimizes surgical trauma, the risk for bleeding, and
the need for general anesthesia, leading to shorter hospital
stay and postoperative recovery.2-4 Despite a high rate of
immediate procedural success, enthusiasm for the wide-
spread adoption of EVAR has been tempered by the per-
sistent risk for aneurysm rupture. One of the main concerns
is the presence of blood flow outside the graft, or endoleak.
Endoleak occurs in a variable percentage of patients after
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doi:10.1016/j.jvs.2004.04.003EVAR (7%-37%).5,6 The most common type of endoleak is
persistent collateral flow into the aneurysm sac (type II
endoleak), primarily from the inferior mesenteric artery
(IMA) or lumbar arteries.7,8 Although the incidence of
spontaneous rupture with type II endoleak is rare, there are
now several reports of type II endoleak leading to aneurysm
expansion9 and even to spontaneous rupture.10 Some au-
thors treat all type II endoleaks promptly,11,12 whereas
others treat selectively.13 However, the consensus in the
management of type II endoleak among vascular surgeons
is that most cases can be observed until there is evidence of
aneurysm enlargement.14-16
To address these concerns, experimental models have
been developed, from latex models to ex vivo animal mod-
els.17-22 While these models have provided much informa-
tion about the hemodynamics of type II endoleak, at
present there is no in vivo model. In this report we intro-
duce the first animal (porcine) model of type II endoleak via
lumbar branches after EVAR. We show that all type II
endoleaks are associated with pulsatile aneurysm sac pres-
sure, and laparoscopic lumbar artery ligation results in
resolution of sac pulse pressure. We believe this large animal
model can be instrumental in furthering the understanding
and treatment options of type II endoleak after EVAR.339
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Aneurysm creation. The Animal Studies Committee
at Washington University School of Medicine approved all
mentioned surgical procedures and experiments. Animals
were cared for according to the standards set by the Guide
for the Care and Use of Laboratory Animals and the Insti-
tute of Laboratory Animal Resources, National Research
Council. Eight domestic female pigs (50-70 kg) were used.
Three procedures were performed in each animal, with
an interval of 1 week between procedures: surgical aneu-
rysm creation, EVAR, and laparoscopic lumbar artery liga-
tion. In addition, each pig underwent abdominal and pelvic
computed tomography (CT) under general anesthesia after
each procedure, to detect the presence of type II endoleak.
Before each procedure the animals were fasted overnight.
Intramuscular anesthesia induction consisted of ketamine
(2.2 mg/kg), xylazine (2.2 mg/kg), and telazol (4.4 mg/
kg). Isofluorane was given via endotracheal tube for the
duration of the procedure. Tidal volume was set at 20
mL/kg, with peak inspiratory pressure of 20 cm of water.
Intraoperative monitoring included electrocardiography,
pulse oximetry, and determination of end-tidal carbon
monoxide. Preoperatively, cefazolin (15 mg/kg) was given.
Antibiotic coverage was continued for 5 days after the
operation. Postoperatively, analgesia with buprenorphine
(0.05-0.1 mg/kg intramuscularly) was given as needed.
After clipping the hair, the abdomen was prepared with
Betadine scrub and iodine paint. With sterile technique, the
peritoneal cavity was accessed via a midline abdominal
incision. The abdominal aorta was clamped just below the
renal arteries, and above the common iliac arteries and the
middle sacral artery, with minimal dissection (Fig 1, A).
Fig 1. A, Infrarenal aorta exposed. B, Dacron patch is s
approximately 2.5 cm in diameter while preserving the l
into aneurysm sac for postoperative sac pressure measure
patent lumbar branches.Heparin (200 U/kg) was then given intravenously. Lum-
bar arteries were controlled with vessel loops, with minimal
trauma to the vessels, and the IMA was ligated and divided.
A longitudinal incision was made on the aorta 2 cm below
the renal arteries down to 2 cm below the IMA. In all
animals two consecutive levels of lumbar arteries were
preserved and incorporated into the aneurysm. The aorto-
tomy was then closed with an elliptic Dacron mesh 4 cm
wide, sutured to the edges of the aorta with running 4-0
Prolene, similar to the dog model of AAA previously de-
scribed.23 A pressure transducer (P4.5; Konigsberg Instru-
ments) was implanted in the aneurysm wall (Fig 1, B),
passed through a subcutaneous tunnel to the dorsal surface
of the animal, and accessed at the posterior neck. After
abdominal and pelvic CT with intravenous contrast me-
dium with the animal under general anesthesia, the animals
were allowed to recover, and were given a regular diet the
next day. Daily aneurysm sac pressure was recorded with a
blood pressure recorder (5600 series; Hewlett-Packard)
while the animal was completely awake.
EVAR. One week after creation of the AAA the ani-
mals were anesthetized with general anesthesia, and a mid-
line neck dissection was made with sterile technique. The
left common carotid artery was controlled, and a 12F
sheath was placed retrograde. A flush aortogram was ob-
tained with a pigtail catheter to determine the aortic aneu-
rysm anatomy (Fig 1, C). A custom-made Talent endograft
(tube endograft; Medtronic) was then deployed infrare-
nally, excluding the aneurysm. Repeat flush aortography
was performed to rule out type I and type III endoleaks.
After EVAR the left common carotid artery was ligated.
After abdominal and pelvic CT the animals were allowed to
after aortotomy to create an abdominal aortic aneurysm
r branches. Indwelling pressure transducer is implanted
. C, Intraoperative angiogram reveals the aneurysm andewn
umba
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measurement was recorded.
Laparoscopic lumbar artery clipping. One week af-
ter EVAR the animals were taken to the operating room
and prepared for laparoscopic surgery under general anes-
thesia. The retroperitoneum was accessed through a
10-mm incision in the left lateral flank; the incision was
extended to the transversus abdominal muscle. A balloon
obturator was advanced to the preperitoneal space, and
after removal of the obturator sheath the balloon was
inflated with saline solution. The preperitoneal space devel-
oped was maintained with carbon monoxide insufflation,
and two additional 5-mm trocars were inserted to expose
the lumbar arteries. All lumbar arteries were then ligated
with stainless steel clips and divided at their exit point from
the aorta. After CT, sac pressure was measured for the last
time, and the animals were sacrificed.
Statistical analysis. Analysis of variance and paired,
two-tailed t test (Systat) were used for statistical analyses of
aneurysm sac pressures, including mean arterial pressure
(MAP) and pulse pressure. P  .05 was considered signif-
icant. All data are presented as mean  SEM.
Fig 2. A, Abdominal computed tomography scan dem
endograft, the lumen of which contains brightly enhance
with contrast-enhanced feeding lumbar arteries, consiste
29 mm (anteroposterior-transverse). Size of endoleak fro
transverse). Attenuation measurement of endoleak: 130
before administration of contrast medium, 43 HU. Att
tomography scan demonstrates absence of perigraft flow
confirming resolution of type II endoleak. C, Correspond
after lumbar artery branch ligation.RESULTS
Creation of type II endoleak. Eight pigs successfully
underwent creation of an AAA with preservation of lumbar
branches at two consecutive levels, and underwent EVAR
with a custom-made Talent endograft 1 week later. After
EVAR an angiogram confirmed exclusion of the aneurysm
without any evidence of types I or III endoleak in all eight
animals. Post-EVAR abdominal CT scans demonstrated
type II endoleak via lumbar arteries in all animals (Fig 2, A).
Aneurysm sac MAP and pulse pressure were measured after
each procedure and averaged for comparison. After aneu-
rysm creation the sac MAP was 72.5 6.1 mm Hg and sac
pulse pressure was 44.8 8.7 mm Hg. Aneurysm sac MAP
decreased significantly (56.5 7.9 mm Hg; P .01; Fig 3,
A) after EVAR, even in the setting of type II endoleak. Sac
pulse pressure also decreased (13.6 4.1 mm Hg; P .01)
after EVAR, but was persistent in all cases associated with
type II endoleak (Fig 3, B). All animals had patent lumbar
arteries, at both levels, at EVAR, as demonstrated at intra-
operative angiography, and immediately after EVAR, as
demonstrated on CT scans.
ates excluded abdominal aortic aneurysm with a Talent
tic blood. Inset, Perigraft pool of contrast medium along
h type II endoleak. Maximum aneurysm diameter, 27
ft lumbar artery branch, 22  16 mm (anteroposterior-
nsfield units (HU). Attenuation measurement of lumen
ion measurement within graft, 562 HU. B, Computed
ciated with clipped lumbar artery branch at its origin,
ac pressure tracing reveals resolution of sac pulse pressureonstr
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went laparoscopic lumbar ligation at two levels as treatment
of type II endoleak. In all cases MAP decreased (38.3 4.6
mm Hg; P  .02; Figs 2 and 3, A), and sac pulse pressure
was absent (0 mm Hg; P  .01) after lumbar ligation (Fig
3, B). Post–lumbar ligation CT scans confirmed the ab-
sence of type II endoleak in all animals. Necropsy con-
firmed the CT findings and demonstrated fresh thrombus
formation in the excluded sac, associated with occluded
lumbar arteries.
DISCUSSION
Endovascular management of AAA must remain under
scrutiny. While initial uncertainties about graft configura-
tion, material, and perigraft leakage of blood have largely
been resolved, type II endoleak remains a persistent prob-
lem. Therefore, a clinically applicable in vivo animal model
of type II endoleak is imperative. While Sanchez et al23
created AAAs in dogs to study type III endoleak, they did
not incorporate the lumbar arteries in the aneurysm cre-
ation to address the issue of type II endoleak. To our
knowledge, this is the first published report of an in vivo
animal model of type II endoleak after EVAR. Using this
model we demonstrated that aneurysm sac pressure indeed
decreases after EVAR in terms of MAP and pulse pressure
(Fig 2), confirming findings in human beings.24,25 Further-
more, in the presence of type II endoleak our model
demonstrated the persistence of sac pulse pressure, again
Fig 3. A, Averaged aneurysm sac mean arterial press
endovascular aneurysm repair (n 8; *P .01), and lum
sac pulse pressure after creation of aneurysm (n  8), e
artery ligation (n  8; **P  .01).confirming findings in human beings with type II en-
doleak.26 While this model cannot address some issues,
such as the effect of type II endoleak on aneurysm enlarge-
ment, it can address a number of important issues pertain-
ing to treatment options when intervention is deemed
necessary. In this animal model pulse pressure detection
was instant with use of intraoperative sac pressure record-
ing. For example, laparoscopic lumbar ligation resulted in
the absence of aneurysm sac pulse pressure determined
intraoperatively in all cases and confirmed by the absence of
type II endoleak on CT scans. We further noted that there
was no transmission of pulse pressure from the Talent
endograft to the aneurysm sac despite thrombus in the
excluded aneurysm sac. This result is in the setting of acute
thrombosis, but long-term studies can be adapted to deter-
mine whether chronic thrombosis in the sac can indeed
transmit systemic pressure leading to endotension (type V
endoleak), as speculated by many investigators.27-29 In all
of our animals aneurysm sac pulse pressure resolved with
the absence of endoleak, as confirmed at postoperative CT
and necropsy.
When a decision is made to intervene in a patient with
type II endoleak, a variety of options have been report-
ed.14,15,30 For example, coil embolization of collateral
vessels has been attempted to thrombose the collateral
vessels that cause the persistent endoleak; however, the true
efficacy of this approach has not been determined. In a dog
model of type III endoleak, Marty et al31 demonstrated
fter creation of abdominal aortic aneurysm (n  8),
rtery ligation (n 8; **P .02). B, Averaged aneurysm
scular aneurysm repair (n  8; *P  .01), and lumbarure a
bar a
ndova
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sac pressure despite the absence of endoleak. Whether coil
embolization of branch vessels has a different effect in the
setting of type II endoleak remains to be seen. The second
most commonly used treatment is injection of biologic or
synthetic glue into the aneurysm sac.15 An anecdotal report
demonstrated a favorable result leading to cessation of type
II endoleak and reduction in aneurysm size.32 However,
many surgeons believe that the only definitive therapy for
type II endoleak is ligation and division of the aortic branch
vessels.33 Therefore we performed laparoscopic lumbar
ligation in all animals with type II endoleak. There was
immediate resolution of aneurysm sac pulse pressure and
absence of type II endoleak at postprocedural CT and
necropsy. We believe that this technique is a reliable treat-
ment option for type II endoleak in our animal model. With
our model a randomized study can be performed to com-
pare other techniques, including translumbar coil emboli-
zation and glue injection, with laparoscopic lumbar ligation
before wider use in human beings. Furthermore, with
recent complications reported34,35 in association with sac
and collateral vessel coil and glue embolization, proper
histologic evaluation with a reliable animal model would be
prudent. Moreover, this animal model may enhance early
training in these methods before use in human subjects.
We set out to show that sac pressurization caused by
lumbar or IMA flow, as in the setting of type II endoleak,
can be reproduced in an in vivo animal model. Indeed, in
this model aneurysm sac pulse pressure is a sensitive indica-
tor of type II endoleak, correlating well with CT findings,
and lumbar artery ligation eliminated the endoleak, as
demonstrated on CT scans and by measurement of sac
pressure. Therefore we believe this in vivo large animal
model can be instrumental in the study of many aspects of
type II endoleak physiology.
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